Whole-brain functional magnetic resonance imaging (fMRI) allows measuring brain dynamics at all brain regions simultaneously and is widely used in research and clinical neuroscience to observe both stimulusrelated and spontaneous neural activity. Ultrahigh magnetic fields (7 T and above) allow functional imaging with high contrast-to-noise ratios and improved spatial resolution and specificity compared to clinical fields (1.5 T and 3 T). High-resolution 7 T fMRI, however, has been mostly limited to partial brain coverage with previous whole-brain applications sacrificing either the spatial or temporal resolution. Here we present whole-brain high-resolution (1, 1.5 and 2 mm isotropic voxels) resting state fMRI at 7 T, obtained with parallel imaging technology, without sacrificing temporal resolution or brain coverage, over what is typically achieved at 3 T with several fold larger voxel volumes. Using Independent Component Analysis we demonstrate that high resolution images acquired at 7 T retain enough sensitivity for the reliable extraction of typical resting state brain networks and illustrate the added value of obtaining both single subject and group maps, using cortex based alignment, of the default-mode network (DMN) with high native resolution. By comparing results between multiple resolutions we show that smaller voxels volumes (1 and 1.5 mm isotropic) data result in reduced partial volume effects, permitting separations of detailed spatial features within the DMN patterns as well as a better function to anatomy correspondence.
Introduction
Since its introduction (Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 1992) , functional magnetic resonance imaging (fMRI) has rapidly evolved to become an indispensible method in the pursuit to understand human cognition under normal and perturbed conditions. Despite its indirect nature of functional mapping signals, the fMRI response has a close relationship with the underlying neuronal activity (Logothetis et al., 2001) . The magnitude of the mapping signals and their spatial specificity depend on the contrast mechanism (T 2 * or T 2 ) and the field strength employed for the measurements Uğurbil et al., 2003b; Yacoub et al., 2005; Shmuel et al., 2007) .
Taking full advantage of the high spatial specificity available at ultrahigh fields requires intrinsically higher spatial sampling in the native image (i.e. high spatial resolution). The volume of the smallest imaging unit (i.e. voxel) affects the likelihood of distinguishing activity from distinct functional units and the ability to segregate microvasculature signals in the gray matter from non-specific contributions originating from large veins. The confound introduced by "partial volume" effects improves with increasing the image resolution (i.e. decreasing voxel volume), the latter is ultimately constrained by the intrinsic signal-to-noise and the functional contrast-to-noise ratios (SNR and fCNR, respectively) . In this respect, ultrahigh fields provide advantages because of field dependent linear gains in SNR , and supralinear gains in fCNR associated with microvasculature (Yacoub et al., 2001 . These combined effects in turn improve the segregation of signals originating from different anatomical substrates (e.g. microvasculature, large surface vessels, white matter), thereby permitting a significant increase in the spatial specificity (Yacoub et al., , 2008 Polimeni et al., 2010) and facilitating the imaging of human brain function down to the columnar level (Yacoub et al., 2005 (Yacoub et al., , 2008 NeuroImage 57 (2011) [1031] [1032] [1033] [1034] [1035] [1036] [1037] [1038] [1039] [1040] [1041] [1042] [1043] [1044] and layer level (Menon et al., 1997; Cheng et al., 2001; Harel et al., 2006; Zhao et al., 2006; Yacoub et al., 2007; Polimeni et al., 2010) . Compared to spin echo fMRI, gradient echo (GE) fMRI generates much reduced power deposition and offers higher temporal efficiency, allowing for larger volume coverage within a given TR. With the exception of regions of close proximity to large vessels, where direct obfuscation by large vessel signals occur, GE fMRI at ultrahigh fields benefits from the aforementioned specificity advantages.
fMRI studies conducted at conventional magnetic field strength (3 T and below) are, most of the time, collected using voxel volumes of about 8 to 27 mm 3 (e.g. 2 and 3 mm isotropic voxels, respectively) or even larger size, providing sufficient minimum SNR and fCNR to achieve the required functional sensitivity. Consequently, partial volume effects and the intrinsic limit of the fMRI specificity at conventional fields (Lai et al., 1993; Menon et al., 1993; Frahm et al., 1994; Kim et al., 1994; Segebarth et al., 1994; Yacoub et al., 2003; Uğurbil et al., 2003a Uğurbil et al., , 2003b constrain the spatial accuracy of the fMRI maps. Furthermore, conventional analysis of fMRI data often includes spatial smoothing with large (4 mm or more) full width at half maximum (FWHM) Gaussian kernels to reduce noise. This spatial smoothing severely limits the spatial scale of investigation for human brain function and its relation to the fine-grained neuronal and anatomical structure at conventional fields. Group averaging, when employed, further amplifies this limitation by requiring additional smoothing (~6-8 mm FWHM) of the functional data to compensate for the variability of anatomical structures and functional to anatomical correspondence across subjects. Despite the afore-mentioned advantages, large volume high resolution GE fMRI at 7 T does present technical and methodological challenges. More specifically, for single shot echo planar imaging (SS-EPI) (Mansfield, 1977) , shorter acquisition times for each slice (i.e. a shorter echo train length) are needed in order to obtain images that are not excessively contaminated by distortions and/or blurring effects due to decreasing T 2 and T 2 * at 7 T compared to 3 T. This challenge is amplified with increasing resolution as the echo train length is elongated commensurately with resolution. Image segmentation has been used to reduce the echo train length to alleviate this problem (McKinnon, 1993; Feinberg and Oshio, 1994; Wielopolski et al., 1995) however, this significantly increases: a) the sensitivity to physiological noise and motion ; b) the volume acquisition time (TR). The latter leads to prolonged scan times which would be needed to collect a sufficient amount of data in an fMRI time series. With the advent of (Wiesinger et al., 2006) multi-channel receive coils and parallel imaging methods (Sodickson and Manning, 1997; Pruessmann et al., 1999) , along with improved gradient performance, many of the aforementioned technical limitations at high fields have been significantly alleviated. These developments have promised to allow increases in brain coverage for high spatial resolution applications at 7 T without excessive sacrifices in fMRI efficiency or temporal resolution. Despite this, to date only a few whole-brain applications have been presented at ultrahigh fields and those employed either thick slices, inter-slice gaps, or scarified temporal resolution (Bianciardi et al., 2009a (Bianciardi et al., , 2009b (Bianciardi et al., , 2009c (Bianciardi et al., , 2011 Poser and Norris, 2009; van der Zwaag et al., 2009a van der Zwaag et al., , 2009b Poser et al., 2010) , thus hampering the full benefits of 7 T fMRI.
Furthermore, at high magnetic fields anatomical MR images exhibit large, undesirable signal intensity variations, commonly referred to as "intensity field bias" originating from the intrinsically heterogeneous receive (and transmit) RF coil sensitivity profiles (Yang et al., 2002; Van De Moortele et al., 2009) . These effects preclude the use of advanced inter-subject alignment methods (Fischl et al., 1999; Goebel et al., 2006 ) that rely on the accurate segmentation of individual cortical surfaces. While correction for field inhomogeneities (Duyn et al., 2007; Van De Moortele et al., 2009 ) and subsequent segmentation of the "unbiased" anatomical images have been presented, to date no application has demonstrated cortex-based alignment at ultrahigh fields based on such unbiased anatomical images.
Here, using improved gradient and RF hardware, along with parallel imaging methods, we present the acquisition and multivariate analysis of whole-brain high (isotropic) resolution functional data acquired at 7 T on healthy human volunteers during rest. The resting state of the human brain has received considerable attention in the neuroscience community for studying functional brain networks and their link to underlying anatomical connections as well as for possible clinical applications. While the notion of resting brain oscillations has been known for a long time in neurophysiology (alpha oscillations in subjects resting with eyes closed were discovered in 1930 by Hans Berger), resting state networks and in particular the so called default mode network (DMN) (Raichle et al., 2001; Greicius et al., 2003) as obtained with fMRI, are particularly interesting because of the possibility of interrogating a multitude of functional circuits simultaneously (Biswal et al., 2010) . Together with the analysis of the differences in resting state spatial patterns, that have proven to be related with age and gender (Esposito et al., 2008; Biswal et al., 2010) , the study of the DMN in particular has opened the possibility of using resting state paradigms in clinical applications (Greicius et al., 2004; Buckner et al., 2005; Garrity et al., 2007; Sperling et al., 2009; Fox and Greicius, 2010; Tedeschi et al., 2010) . While functional connections can be studied on their own, a more powerful discrimination could be obtained from the relation of resting state networks (e.g. the DMN) with underlying anatomical structures that can be measured with anatomical and diffusion MR acquisitions (Hagmann et al., 2008; Honey et al., 2009 ). Due to the largely distributed nature of these networks, whole-brain measurements are essential for resting state studies. Thus far, however, such investigations have been limited to lower fields using low spatial resolutions (N3 mm isotropic), and have relied on group data analysis.
The aim of the present article is twofold. First, we demonstrate that a conventional, lower field analysis pipeline, that includes cortexbased alignment of anatomical images and multivariate data-driven analysis of the functional data, can be effectively used to process anatomical and whole-brain high-resolution functional data acquired at 7 T. In doing so, we obtain fMRI maps of resting state networks throughout the entire brain. When analyzing the data at a resolution close to the native one, functional networks show fine-grained spatial details both at the single subject and group level. Second, in order to investigate functional and anatomical partial volume effects, and assess the impact of SNR on DMN pattern detection, we compare data acquired at different isotropic spatial resolutions (1 mm, 1.5 mm and 2 mm).
Material and methods

Data acquisition
Four subjects underwent fMRI at 7 T on a whole body system driven by a Siemens console using a head gradient insert operating at up to 80 mT/m with a slew rate of 333 T/m/s. A head RF coil (single transmit, 16 receive channels) was used to acquire anatomical (T 1 weighted) and functional (T 2 * weighted BOLD) images. T 1 weighted (1 mm 3 ) images were acquired using a modified Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence (Mugler and Brookman, 1990 ) (TR = 2500 ms; TI = 1500 ms; TE = 3.67 ms). Proton density (PD) images were also acquired together with the T 1 weighted images (both acquisitions are interleaved in the modified MPRAGE sequence) and were used to minimize inhomogeneities in T 1 weighted images (Van De Moortele et al., 2009) . Acquisition time for anatomy was~7 min. For resting state fMRI we obtained 3 data sets for each subject, using either 1 mm (85 slices; GRAPPA acceleration X4; partial Fourier 5/8) 1.5 mm (60 slices; GRAPPA acceleration X3; partial Fourier 6/8) and 2.0 mm (50 slices; GRAPPA acceleration X2; partial Fourier 7/8) isotropic resolution, keeping repetition (TR) and echo (TE) times constant (2800 ms and 17 ms respectively). The full Fourier EPI readout lengths were 20.2 msec, 20.9 msec, and 28.3 msec for the 2.0 mm, 1.5 mm, and 1.0 mm resolutions, respectively. With a gray matter T 2 * of around 25 msec (Yacoub et al., 2001 ) the resolution loss along the phase encode direction is minimal (Haacke et al., 1999) . Each scan consisted of 210 gradient-echo echo-planar (GE-EPI) volumes and lasted~10 min. During the scans the subjects were asked to rest motionless and awake with their eyes closed.
Data analysis
T 1 weighted images were divided with PD weighted images to obtain unbiased anatomical images (Van De Moortele et al., 2009) which were then normalized to Talairach space and segmented in a semi-automated fashion to define the white matter/gray matter boundary. Individually reconstructed surfaces of left and right hemispheres were used to perform cortex-based inter-subject alignment and cortex-based independent component analyses (Goebel et al., 2006) .
The functional time-series were co-registered to the individual anatomies and pre-processed using standard procedures (slice scan time correction, 3D motion correction, high-pass temporal filtering). In all time-series the motion estimates provided by the 3D motion correction procedure were limited below the voxel resolution during the scan time.
In a preliminary analysis we applied a conventional analysis pipeline for resting state fMRI time series as follows. All data sets were resampled in Talairach space at an isotropic resolution of 3 mm after spatial smoothing with a 6 mm FWHM Gaussian kernel. The individual low resolution and spatially smoothed time series were combined with the individually reconstructed cortices to extract functionally connected brain networks using cortex-based independent component analysis (cb-ICA) (Hyvarinen, 1999; Formisano et al., 2004) . Self Organizing Group independent component analysis (Sog-ICA) (Esposito et al., 2005) was used to obtain spatially consistent Independent Components (ICs) across subjects that were pooled in a voxel-level random-effects analysis to produce group component maps.
After visual inspection and manual component selection, high resolution (1 mm) functional masks of prototypical RSNs (e.g. the DMN) were created from the low-resolution spatially smoothed group independent component maps obtained from the 2 mm isotropic acquisitions. These masks were used for automatic selection of individual components obtained from the subsequent highresolution cortex based ICA analysis (Formisano et al., 2004) . Fig. 1 . Summary of the analysis of 7 T anatomical images. a) T 1 weighted (left), Proton Density weighted (center) and unbiased T 1 data (right) of one representative transversal slice of one exemplary subject. b) Single subject cortex segmentation results: white/gray matter border projected on one representative transversal slice of the unbiased T 1 data (left); single subject 3D mesh representing the left hemisphere of one selected subject (center); projection of the single subject left hemisphere to a spherical representation (right) to be used for cortex based alignment. c) Cortex based alignment of the four analyzed subjects: curvature representing gyri and sulci of four subject projected to a spherical representation and superimposed after smoothing (i.e. initial step of the cortex based alignment procedure) (left); reconstructed left hemisphere resulting from the mean curvature of four subjects after cortex based alignment (center); inflated representation of the mean left hemisphere (right).
In spatial ICA (commonly applied to fMRI data) the statistical samples correspond to voxel observations (spatial statistics) and "super-Gaussian" spatial components (i.e. with leptokurtic statistical distributions), which are preferentially pursued (McKeown et al., 1998; Hyvarinen et al., 2001; Calhoun et al., 2001) . Therefore, in order to quantify the effects of partial volume and evaluate the functional to anatomical relationship we matched statistical samples across all acquisitions by resampling all data sets towards the highest native spatial resolution (represented by the 1 mm data set). Spatial differences in the results can then be interpreted as caused by differential spatial averaging in the acquisitions (e. g. more or less partial volume effects) and not as arising from the different number of statistical samples used in the analysis. While preserving spatial information was key to the overall aim of this study, all data sets were slightly spatially filtered by 2 voxels (Gaussian kernel of FWHM = 2 mm) after resampling at the common 1 mm resolution. This choice was made to homogenize in part the smoothness (i.e. the initial "gaussianity" of the data) towards the highest native spatial smoothness (represented by the 2 mm data set resampled to 1 mm), a factor that could affect the convergence of the ICA algorithm and the quality of the resulting ICA decompositions.
The identification of components of interest (e.g. the DMN) was performed on a single subject and single run level by correlating each IC map with the previously computed group mask. High-resolution group maps were obtained by computing second level statistics (t-test) in Talairach space.
To further investigate the partial volume effects within the DMN distribution and possibly identify contributions from small draining vessels in the proximity of the cortex, we used a temporal backprojection procedure. Namely, we tested whether across all subjects and voxels the regression of all concatenated individual voxels' timecourses to the concatenated individual DMN component time-courses exhibited a coherent co-activation (i.e. in phase over time with the rest of the voxels). Since the ICA decomposition is estimated up to a sign and scale factor, the individual DMN independent component time-courses were first sign adjusted to make the bulk of the spatial distribution (i.e. the portion with the most activated voxels) positive in all subjects and then standardized by transformation to temporal Fig. 2 . Three exemplary slices of single subject functional data: 1 mm isotropic resolution (left), 1.5 mm isotropic resolution (center) and 2 mm isotropic resolution (right). Note the higher level of distortions due to partial volume in the frontal cortex of the 2 mm isotropic data (yellow arrow). z-scores (i.e. demeaned and scaled by their standard deviation). This way, by entering the sign-adjusted and z-transformed ICA time courses as predictors in a single subject and group general linear model (GLM) analysis (fixed effects), we obtained t-statistic maps whose sign is indicative of the relative phases of the signals and whose absolute value is indicative of the contrast-to-noise.
Results
Analysis of anatomical images
The results of the processing of the anatomical images (T 1 and PD weighted) are presented in Fig. 1 . Both the T 1 and PD weighted images Fig. 3 . Group ICA results for low-resolution (3 mm isotropic) analysis of the data acquired with 1.5 mm isotropic voxels. Components representing the: a) default mode network; b) primary visual network; c) sensory-motor network; d) executive network; e) secondary auditory network; f) primary auditory network; g) secondary visual network; and h) imagery network; are overlaid on the average anatomical T 1 data.
show characteristic inhomogeneities mostly due to the receive (and to a lesser degree the transmit) RF coil profile, which are mostly absent when T 1 weighted data are divided by the corresponding Proton Density data (Duyn et al., 2007; Van De Moortele et al., 2009 ) (see Fig. 1a for a representative transversal slice of one subject). Segmentation results obtained with the unbiased anatomical images are shown for one subject in Fig. 1b where the white/gray matter boundary can be seen as a yellow line (left). Fig. 1b (center) also shows the reconstructed surface representing the boundary between white and gray matter. A cortical mask was generated from the individual surfaces and was used for the analysis of the functional data. The cortical surface was further morphed to a sphere (Fig. 1b  right) in order to perform inter-subject cortex-based alignment (Goebel et al., 2006 ) across all four subjects. Fig. 1c (left) shows the initial phase of the realignment of all subjects (N = 4) on the cortical space. After alignment, a group surface (Fig. 1c center) was obtained from the mean cortical curvature across subjects. For each individual subject the group surface was also inflated for better visualization (Fig. 1c right) . Fig. 2 shows the quality of the high-resolution single shot 7 T EPI images (three transverse slices) employed for the resting state time series in one particular subject. Note the readily increased anatomical detail in the 1 mm data set compared to the 2 mm data set. Fig. 3 shows the group results (p = 0.01) of the low-resolution analysis for the 1.5 mm isotropic data set. Components of interest were selected manually and highlight classical resting state networks (a -DMN; b -primary visual network; c -motor network; d -executive network; e -secondary auditory network; f -primary auditory network; g -secondary visual network; f -parietal network). The results from the same analysis on the 1 mm and 2 mm isotropic data are highly similar (apart from a small decrease in sensitivity noticeable for the auditory components in the 1 mm data likely due to the higher levels of BOLD signal saturation caused by the higher acoustic noise) and are reported in Supplementary Figs. 1 and 2 . This demonstrates that 7 T resting state fMRI acquisitions can provide with expected resting state patterns. Fig. 4a shows, overlaid on the averaged T 1 anatomical data, the template for the DMN (sagittal, coronal and transversal views) obtained from the group ICA of the 2 mm isotropic data resampled at low (3 mm) resolution in Talairach space and further smoothed with a Gaussian kernel of 2 voxels (6 mm) FWHM. The group component map shows a pattern typically expected for the DMN comprising the anterior cingulated cortex (ACC), the precuneus (PreCu) and bi-lateral parietal cortex (ParC). This template was used to select the DMN component in ICA analyses of all acquired data (1 mm; 1.5 mm and 2 mm isotropic time series) after they were resampled to 1 mm isotropic resolution in Fig. 4 . Selection procedure of high-resolution data independent components: a) Template (red transparent) of Default Mode Network obtained from the analysis (group ICA) of the 2 mm data resampled at 3 mm isotropic and spatially smoothed with a Gaussian kernel of FWHM = 6 mm. b) Results of spatial correlation analysis with the DMN template for the ICs obtained from the 1 mm (left), 1.5 mm (center) and 2 mm (right) data resampled at 1 mm isotropic and smoothed with a FWHM = 2 mm. Correlations across the four subjects (median 25th and 75th percentile) are shown together with a transverse slice of the mean across subjects for the best two ICs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Talairach space and slightly smoothed with a 2 voxel (2 mm) FWHM Gaussian kernel. Fig. 4b shows the results of the spatial correlation analysis. The correlation with the template for the first and second most correlated ICs to the DMN template is reported for all data sets together with one transversal slice of their group maps. The box plots represent the variability (minimum, maximum, median and 25th and 75th percentiles) across all subjects (N= 4). For all resolutions we observed a significant difference (paired t-test) (1 mm p = 0.0032; 1.5 mm p = 0.0041; 2 mm p = 0.02) between the first and second best ranked component indicating that the DMN component was reliably and selectively detected with a high level of accuracy at the single subject level.
Analysis of high-resolution functional data
The high resolution DMN distribution in one particular subject is reported in Fig. 5 (single subject maps are descriptively thresholded at z-value = 2, see, e. g. McKeown et al., 1998) . For all resolutions, the DMN component maps correspond to the expected network distribution, encompassing PreCu, bilateral ParC and the ACC as well as a much higher degree of functional correspondence with the subject's anatomy than what was observed in the low-resolution analysis and template reported in Figs. 3 and 4 (e.g. here, activated voxels reside mostly within the gray matter). It has to be noted that at the single subject level the analysis of not spatially smoothed high resolution data resulted in smaller activation extent of the ACC.
We investigated the partial volume effects using a temporal backprojection procedure within the GLM framework. Single subject and group t-statistic maps are indicative of the relative phases of the signals in different regions. Single subject results (FDR corrected threshold of q = 0.05) for the 1.5 mm data are presented in Fig. 6 (zoomed in portions of the sagittal and transversal views). The map shows areas with a clear inversion of phase in the signal fluctuations (blue regions in Fig. 6a (top) super imposed on a grayscale inverted GE-EPI image). These regions coincide with areas of hyper intensity in the inverted GE-EPI images (Fig. 6a bottom) , indicating a likely venous contribution to these counter phase signals. In Fig. 6b , we report a single subject time course from two regions extracted from the 1.5 mm acquisitions within the in-phase (red) and inverted phase (blue) activation areas. Even when looking at the full distribution of tvalues across all subjects, the 1 mm and 1.5 mm acquisitions show areas within the DMN that have a clear inversion of phase in the signal fluctuations (blue regions in the 1 mm and 1.5 mm maps in Fig. 7) . The persistence of this result across subjects indicates spatial consistency of the phenomenon underlying this partial volume effect.
To investigate further how partial voluming would affect the functional to anatomical correspondence, we evaluated the possible relationship between the white/gray matter structural contrast and the DMN functional activity distribution within the precuneus, since Single subject results obtained from the high-resolution fMRI analysis (all data resampled at 1 mm isotropic and smoothed with a 2 mm FWHM Gaussian kernel). The DMN overlaid to the single subject T 1 data is presented in three selected slices (sagittal, coronal and transversal) for the 1 mm (top row), 1.5 mm (center row) and 2 mm (bottom row) data.
this is the most consistent and extended node of the DMN. To generalize this effect across subjects, this analysis was performed using anatomical and functional group averaged maps across all four subjects. For the anatomical information we used the unbiased T 1 image, where gray and white matter pixels have lower and higher intensity values, respectively. For the functional information we used group t-statistic maps resulting from the GLM back-projection (see above) thresholded at p = 0.05 (uncorrected) in a rectangular box defined in such a way to overlap with most of the precuneus part of the DMN activity and include a significantly high and balanced number of both white and gray matter voxels. This way, the count of "more white matter" and "more gray matter" voxels could be related to the count of "more active" and "less active" DMN voxels against the normalized average T 1 signal intensities in superimposed histograms. The use of an uncorrected p-value allowed us to maximize the differential sensitivity of the three acquisitions in those regions that were more exposed to partial volume effects and thus with less functional CNR. Fig. 8a shows histograms representing the number of voxels in the selected precuneus region as a function of their gray scale value in the unbiased anatomical image. For each anatomical gray value level the total number of voxels is shown (gray line) as well as the number of activated voxels (p b 0.05 uncorrected) in the 1 mm (red line), 1.5 mm (blue line) and 2 mm (green line) data. Despite averaging information across subjects, two peaks, corresponding to gray matter (gray scale value~100) and white matter (gray scale value~140), are easily identified (gray values for anatomical data expressed in arbitrary units). As expected, due to the higher fCNR, a greater number of activated voxels are detected at the lower resolutions. It is also noticeable that the 2 mm data have a slight increase in the number of activated voxels in the white matter range that we attributed to partial voluming. This latter effect is more evident when the histograms are normalized to the total number of activated voxels (Fig. 8b) . Here, the curves show that the 2 mm data have a relatively higher number of activated voxels in the white matter region compared to the 1 mm and 1.5 mm data. To further highlight this effect we also computed the ratio between the 2 mm and 1 mm normalized histograms (red in Fig. 8c ) and between the 2 mm and 1.5 mm normalized histograms (blue in Fig. 8c ) through the gray matter and white matter range (gray scale values between 75 and 150).
Group (N = 4) ICA maps obtained by averaging the individually identified DMN components are presented in Fig. 9 (sagittal, coronal and transversal; maps were computed using a second level statistical analysis and thresholded at p = 0.05) for all acquisitions. Even across multiple subjects the DMN obtained from high-resolution acquisitions (1 mm isotropic) preserves the expected pattern of activation including the ACC, PreCu and bilateral parietal cortex. Note the similarity with the single subject DMN maps presented in Fig. 5 . Fig. 10 shows the group results obtained for two other typical resting state networks (maps were computed using a second level statistical analysis and thresholded at p = 0.05). Selection of individual ICs followed the same procedure used for the DMN (i.e. spatial correlation with a template obtained from the low-resolution analysis of the 6 mm spatially smoothed 2 mm isotropic data set). In Fig. 10a Fig. 8 . Functional to anatomical correspondence analysis conducted within the pre-cuneus region for voxels significantly activated (group GLM back projection; p = 0.05 uncorrected) by DMN modulations. a) Histograms representing the absolute count of voxels within the selected ROI (gray line) and the active voxels for the 2 mm (green line), 1.5 mm (blue line) and 1 mm (red line) data. The histograms are reported with respect to the mean grayscale value indicating the approximate tissue segregation (low values = gray matter; high values = white matter). b) Normalized histograms, with respect to the total number of voxels, representing the absolute count of voxels within the selected ROI (gray line) and the active voxels for the 2 mm (green line), 1.5 mm (blue line) and 1 mm (red line) data. The histograms are reported with respect to the mean grayscale value indicating the approximate tissue segregation. c) Ratio of the 2 mm and 1 mm normalized histograms (red line) and of the 2 mm and 1.5 mm normalized histograms (blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the primary visual network is presented (one selected transversal slice) for all resolutions. While little difference can be noted between the 1.5 mm and 2 mm data, the 1 mm data highlight a smaller network of visual areas indicating a possibly reduced signal-to-noise ratio at this spatial resolution. In Fig. 10b a network activating bilateral somato-sensory cortices is presented (one selected transversal slice). At the group level, the 1 mm data fail to highlight regions around the central sulcus indicating that the 1 mm acquisition may suffer from a reduced signal-to-noise ratio. This effect is more visible when the maps are projected on the mean cortical reconstruction of the four subjects (obtained by averaging the curvature in the cortex based realigned space) (see Fig. 10c ).
Discussion
High-resolution fMRI exploits the benefits of high fields (Yacoub et al., 2001 (Yacoub et al., , 2005 since lower resolutions tend to be dominated by physiological noise, and therefore limit the possible gains in functional sensitivity (Triantafyllou et al., 2005; Yacoub et al., 2005) . Reciprocally, increases in the specificity of the signals at high fields can exploit these higher spatial resolutions because of the reduction in partial volume effects between micro-vasculature and large vessels or between gray and white matter, facilitating the interpretation of functional maps with respect to the underlying neuronal activity.
With these premises, we have investigated the feasibility of whole brain high-resolution functional brain imaging at 7 T using GE EPI and parallel imaging. We have used a resting state protocol, which is a compelling application that requires whole brain coverage because of the intrinsic whole-brain nature of resting state networks.
We aimed at localizing fine-grained spatial effects within networks that can only be apprehended at high spatial resolutions. More specifically, we investigated the effect of higher resolutions on partial voluming by reducing the acquired voxel volume from 8 mm 3 to 3.375 mm 3 and 1 mm 3 . Multiple imaging parameters can change when different spatial resolutions are used, which can potentially impact functional data analysis (i.e. ICA). We therefore chose to match the TR, TE, and acquisition time through all series -keeping the total number of images and fMRI contrast the same in order to fairly compare the functional information present in multi-resolution data. The repetition time (TR = 2800 ms) was optimized for the high-resolution acquisitions (1 mm isotropic) and then used for all other acquisitions (1.5 mm isotropic and 2 mm isotropic) in order to maintain the number of samples used in the analysis constant. Even though this TR was not optimized for the lower resolution acquisition, it clearly provided sufficient sensitivity to detect typical resting state networks in the 2 mm data, as can be seen in Figs. 4, 8, 9 and in Supplementary  Fig. 2 for single subject and group results. We do not expect that a shorter TR would have altered the lack of information demonstrated in the 2 mm data, given the fact that partial voluming effects were responsible for this observation and that the 2 mm data had, in any case, a higher functional sensitivity. It should also be noted that the lowest spatial resolution utilized in this study (8 voxel size). One could anticipate that expanding the comparison up to this larger voxel size would result in even more pronounced partial voluming effects. All fMRI patterns presented and compared in this study were obtained in a fully data-driven fashion using cortex-based ICA. The quality of the unbiased anatomical images, highlighted by the possibility of performing inter-subject cortical realignment (see Fig. 1 ), allowed for the definition of the cortical manifold on which the analysis was performed. While ICA has become the method of choice for voxel-level distributed analysis of whole brain functional connectivity, it is noteworthy that equalizing the number of voxels in the ICA analysis ensured that all differences observed in the component maps were principally due to physical characteristics (e. g. native spatial resolution and partial volume) and not to a different behavior of the ICA algorithm related to a changing statistical structure of the data.
A conventional 3 T pipeline analysis that comprises low resolution spatial resampling, and heavy spatial smoothing, allowed the extraction of many typical resting state components (Damoiseaux et al., 2006) across subjects (see Fig. 3 and Supplementary Figs. 1 and 2), with the expected widespread non-specific functional distributions. Furthermore we did not detect global effects in the spatial distribution of the resting state functional networks. These effects might be detected with a higher temporal sampling (Feinberg et al., 2010) instead of or in addition to the higher spatial sampling as adopted here. If higher temporal resolutions are needed, recent promising developments in parallel imaging and pulse sequence design allow for considerably shorter TRs while preserving conventional resolution and volume coverage Feinberg et al., 2010) .
Our results show that in order to investigate fine-grained spatial effects in typical resting state networks, pre-processing and analysis have to be adapted in order to take full advantage of high resolution acquisitions. For this reason all data sets were also analyzed after resampling at a resolution of 1 mm isotropic in Talairach space.
The results of this analysis show that even at high resolution and with single subject DMN maps, data obtained at 7 T are not limited by contrast-to-noise despite a reduction in voxel volume by a factor of three or more when compared to conventional 3 T acquisitions (see Fig. 4 ) (Yacoub et al., 2001 ). Even at the single subject level (Fig. 5 ) the maps obtained from high-resolution acquisitions show the typical network distribution of co-activation, with spots in the anterior cingulated cortex, precuneus and bilateral parietal cortex that characterize the DMN. Compared to typical results obtained at conventional fields (3 T) and using conventional preprocessing (see Fig. 3 and Supplementary Figs. 1 and 2) , the high-resolution DMN shows a high degree of functional to anatomical correspondence with activation well localized to the individual gray matter volume. Even when computing average maps across four subjects (see Fig. 8 ), the high-resolution DMN preserves its typical activation pattern indicating that the underlying network of areas is reliable across subjects without the need for substantial spatial smoothing (as is typically done at lower fields) to increase sensitivity and functional correspondence across subjects. It has to be noted that compared to conventional results obtained at lower field strengths the DMN as highlighted here shows a smaller activation spot in the ACC. This effect is noticeable when the DMN is obtained from data resampled close to the native resolution and with only moderate smoothing (see e.g. Fig. 4 compared to low resolution results reported in Fig. 3 ). This can be explained by reduced signal to noise ratios in frontal regions in the high resolution acquisitions.
We used the DMN as a case study to investigate partial voluming and potential losses of information or specificity at the different resolutions. In particular, we have focused our analysis on the precuneus, which previous 3 T studies have indicated as a possible marker for functional classification in several cognitive disorders (Greicius et al., 2004; Buckner et al., 2005; Garrity et al., 2007; Sperling et al., 2009; Fox and Greicius, 2010) and has been highlighted as a "hub" for functional and anatomical connections (Hagmann et al., 2008; Honey et al., 2009) . Several compact clusters of areas within the precuneus show, in both single subjects (see e.g. Fig. 6 ) and (consistently across all subjects) at the group level (Fig. 7) , BOLD signals that are in counter phase with the main bulk of activity for relatively long intervals of their time course. This effect was observed in the proximity of large draining vessels as indicated by the hyper intense values in the inverted T 2 * images. A similar effect has been already observed at the periphery of the visual cortex in previous high-resolution activation studies with only partial brain coverage (Bianciardi et al., 2011) . While the effects of large vessels are reduced at high magnetic fields, these effects still persist and can be detrimental to the interpretation of functional signals (Harel et al., 2006; Yacoub et al., 2007) . Furthermore, the data presented here do not have the advantage of reflecting either known spatial organizations of functional networks (i.e. cortical columns) or a differential activation paradigm (i.e. right eye versus left eye) to suppress or distinguish non-specific functional signals in space from those that are more functionally relevant.
A more detailed analysis of the anatomical location of activated (p = 0.05) voxels (Fig. 8) shows an overall advantage (i.e. more active voxels) in signal-to-noise ratio for the 2 mm acquisition (Fig. 8a) due to larger voxel volume and lower acceleration (GRAPPA) factor (Lütcke et al., 2006) . But, relative to the total number of activated voxels, the high-resolution data (1 mm and 1.5 mm) show a larger number of active voxels in the gray matter range of average normalized T 1 image intensity and a lower number of active voxels in the white matter range compared to the 2 mm data (Figs. 8b and c) . These results indicate that the 1 mm and 1.5 mm activations are better localized to the gray matter and suffer less from partial volume effects.
Using the same procedure followed for the DMN we selected single subject resting state networks in the visual and somato-sensory cortices. Group maps were obtained by averaging the single subject network distributions in the common anatomical space (Talairach space). The results shown in Fig. 9 indicate that, while the visual resting state network could be reliably detected at the group level at all resolutions, the lower SNR affected the results for the somatosensory network in the higher resolutions (1 mm) data sets.
While 1 mm and smaller voxels are necessary for applications that focus on fine grained structures (e.g. columns or laminar functional analysis) (Yacoub et al., , 2008 Polimeni et al., 2010) , our results suggests that, for whole-brain applications that focus on 'largely distributed' activated networks such as resting state networks, a resolution of 1.5 mm isotropic may offer a good compromise between partial volume and signal-to-noise ratios. However, with more optimized RF coils and parallel imaging performance, providing even higher SNRs, higher resolutions over the entire brain may be achieved without significant compromises in functional sensitivity.
One possible limitation of the present data is the lack of on-line physiological measurements. Collecting respiration data is often suggested in resting-state fMRI studies to remove the contribution of respiration-related signal changes from BOLD signal oscillations of neural origin (Birn et al., 2006) . However, it has also been reported that ICA is able to separate respiration-related changes in most cases (Birn et al., 2008) and components identified as typical resting-state networks were always verified and evaluated with respect to the individual anatomy. Furthermore it has been previously shown in a 7 T resting-state and activation fMRI study (Bianciardi et al., 2009a (Bianciardi et al., , 2009b ) that after removal of low frequency drifts due to head motion or resonance frequency, the largest portion of signal variance in gray matter voxels is mainly explained by thermal noise and spontaneous activity while only small portions of signal variance can be explained by respiration or cardiac effects.
Conclusions
Ultrahigh fields offer improved sensitivity and specificity for fMRI applications, facilitating the acquisition of higher resolution images and allowing for a better understanding of intrinsic properties of functional networks. By capitalizing on technical advancements in MR imaging, we demonstrated that high-resolution capabilities of high fields can be extended to the entire brain for fMRI applications. As such, we acquired and analyzed high-resolution whole brain fMRI data using a resting state paradigm. Our results suggest that the increased contrast to noise ratio at 7 T allows for studying the distribution of spontaneous BOLD fluctuations within functionally connected networks in single subjects, using voxel volumes of 3 to 20 times smaller than what is conventionally used at 3 T without the need for extensive spatial smoothing. We have shown that despite the large extent of functional networks (i.e. DMN), high-resolution functional maps depict significantly less partial volume effects and more distinct spatial features, allowing for a better localization and understanding of the activated networks.
Supplementary materials related to this article can be found online at doi:10.1016/j.neuroimage.2011.05.008.
